The preterm infant gut microbiota is vulnerable to different biotic and abiotic factors. Although the development of this microbiota has been extensively studied, the mobilome-i.e. the mobile genetic elements (MGEs) in the gut microbiota-has not been considered. Therefore, the aim of this study was to investigate the association of the mobilome with birth weight and hospital location in the preterm infant gut microbiota.
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METHODS:
The data set consists of fecal samples from 62 preterm infants with and without necrotizing enterocolitis (NEC) from three different hospitals. We analyzed the gut microbiome by using 16S rRNA amplicon sequencing, shotgun metagenome sequencing, and quantitative PCR. Predictive models and other data analyses were performed using MATLAB and QIIME. RESULTS: The microbiota composition was significantly different between NEC-positive and NEC-negative infants and significantly different between hospitals. An operational taxanomic unit (OTU) showed strong positive and negative correlation with NEC and birth weight, respectively, whereas none showed significance for mode of delivery. Metagenome analyses revealed high levels of conjugative plasmids with MGEs and virulence genes. Results from quantitative PCR showed that the plasmid signature genes were significantly different between hospitals and in NEC-positive infants. CONCLUSION: Our results point toward an association of the mobilome with hospital location in preterm infants.
P reterm infants constitute a unique patient population completing their development in an extra-uterine environment influenced by a concommitantly developing microbiome. Further, this patient group largely acquires its initial microbiota from within the hospital environment. As preterm infants spend many months in the hospital, their health is dependent on different factors to which they are exposed, such as chemicals (1), parenteral feeding (2) , and exposure to neonatal intensive care unit (NICU) microbial flora (1) . In addition to this, very low birth weight (o1500 g) preterm infants are affected by feeding intolerance and minimal intestinal growth (3) . These factors threaten the development of the commensal gut microbiota and are responsible for delay in the succession of the adult gut microbiota, which may enhance the risk for sepsis (4) and necrotizing enterocolitis (NEC) (5) . Approximately 7% of very low birth weight infants develop NEC, with a mortality rate of 20-30% (2, 6) . This multifactorial condition is based on premature birth, aberrant intestinal microbiota development, and enteral feeding (2) .
Although differences in the bacterial taxa of the gastrointestinal tract during preterm development have been extensively studied, the gene pool linked to mobile genetic elements (MGEs) has not been investigated. Therefore, the aim of this work was to investigate the mobilome (collection of MGEs) of the gut microbiota in NEC-positive and NEC-negative preterm infants and their potential association with birth weight and hospital location.
The mobilome, in general, includes transposons, plasmids, and bacteriophages (7). Some of the major constituents of the gut mobilome are conjugative plasmids (8) . Conjugative plasmids are self-replicating genetic elements that propagate in an infectious manner (8) . They can harbor several accessory functional elements that help to maintain longterm stability in a microbial population (9) . In addition, two conjugative plasmid groups having identical replication machinery are incompatible in the same bacterial cell; hence, plasmids are identified based on their incompatibility (9) . To date, 27 incompatibility groups have been defined (10) . However, the most prominent are the incompatibility group F (IncF) plasmids that are commonly found within the Enterobacteriaceae family (11) . These plasmids have been detected in bacteria from several human and animal sources. IncF conjugative plasmids contain an assortment of other MGEs and virulence genes (12) . Plasmid-mediated hospitalacquired infections have been previously reported, explaining the influence of conjugal transfer of virulence factors and inducement of bacterial biofilms (13, 14) . Virulence traits associated with MGEs include bacterial toxins (15) , secretion systems (16) , and hemolysins (14) . These properties can transform the characteristics of the host cell.
Integrons are accessory components of conjugative plasmids (17) . They are genetic elements capable of integration and expression of genetic cassettes by an overall common promoter (17, 18) . The integron consists of three main parts: an integrase (int1) gene that helps in the integration of specific gene cassettes; an attachment (att1) site into which the gene cassettes are integrated; and the common promoter (P c ) for expression of the gene cassettes (19) .
In this study, we investigated the intestinal microbiome of very low birth weight preterm infants from three neonatal intensive care units. Amplicon sequencing was used to identify compositional signatures in the microbiota composition. Then, full metagenome deep sequencing was used for analyzing the phylogeny and genetic background of MGEs in selected samples. Finally, quantitative PCR was used to study the prevalence and quantity of plasmid signature sequences and their association with MGEs.
METHODS

Workflow
A workflow of the experimental design and the total number of samples used are shown in Figure 1 . Table 1 provides a summary of the cohort's characteristics. The study consists of premature infants with and without NEC. All infants with NEC showed NEC symptoms that were more severe than Bell's stage II, with mild to moderate systemic illness and pneumatosis intestinalis. The infants were recruited from three different hospitals in the USA: Beth Israel Hospital in Boston, MA (n = 24); Comer Children's Hospital at The University of Chicago in Chicago, IL (n = 29); and NorthShore University HealthSystem Hospital in Evanston, IL (n = 9). These infants resided in the NICU of the respective hospitals. In total, the study consists of 23 NECpositive infants and 39 NEC-negative infants. The children were treated individually, and not as matched case controls, because of the limitations of the data set related to NEC sampling.
Cohort Description
There were 63 samples from NEC-positive infants, including 51 samples from the longitudinal data sets. There were 97 samples from NEC-negative infants, where 73 samples were from longitudinal data sets, with samples from 29 infants being collected over a 3-day period. Informed consent was obtained from the preterm infants' parents for fecal sample collection and storage. The samples were collected directly from the diaper into the collection tube using the wooden end of a sterile cotton swab. The samples were immediately frozen at − 80°C until processed. The samples were sent to Genetic Analysis, Ås, Norway, for longtime storage and DNA extraction.
DNA Extraction
DNA was isolated from 160 samples using an automated protocol of MagNA Pure Compact System (Roche Applied Science, Basel, Switzerland). DNA from a subset of samples in the data set was also manually extracted using the QIAamp DNA Stool mini kit (Qiagen, Venlo, Netherlands). These were termed duplicates. Fifty mg of frozen fecal sample was dissolved in 1 ml extraction buffer [50 mM Tris (pH 7.4), 100 mM EDTA (pH 8.0), and 400 mM NaCl, 0.5% SDS] containing 20 μl proteinase K (20 mg/ml), and 500 μl of 0.1-mmdiameter zirconia/silica beads (BioSpec Products, Bartlesville, OK) was added to the extraction tubes and a Mini-Beadbeater-16 (BioSpec Products) was used to lyse the microbial cells. The lysed cells were centrifuged, and 50 μl of the supernatant was taken for DNA isolation. In the MagNA Pure Compact System, the Articles | Ravi et al.
supernatant was mixed with paramagnetic beads and eluted using a 96 super Magnet plate (Alpaqua,Beverly, MA). In the QIAamp DNA stool mini kit, purified DNA was extracted using QIAamp mini Spin columns according to the manufacturer's protocol. DNA concentration and quality were determined by fluorometry using a Qubit system (Invitrogen, Waltham, MA, USA) (10-74 ng/μl; 1.4-1.8 [260/280]) and stored at − 40°C until further use.
Polymerase Chain Reaction and Gene Quantification
The primers used in the study are presented in Table 2 . Each 25 μl PCR reaction contained 1 × HOT FIREPol PCR mix (Solis BioDyne, Tartu, Estonia), 200 nM forward and reverse primers, and 1 μl of sample DNA and sterile deionized water. The reaction mix was amplified using LightCycler 480 (Roche) and the resultant flourescence data were uploaded into the LinRegPCR program (20) to perform baseline correction and calculate the mean PCR efficiency. High-resolution melting curve analysis and DNA sequencing using BigDye Terminator v1.1 chemistry (Thermo Fisher Scientific, Waltham, MA) was used to verify the identity of the PCR products. The thermal cycling conditions for the 16S rRNA primer pair targeting the conserved regions of the 16S rRNA gene were 95°C initial denaturation for 15 min, followed by 40 cycles at 95°C for 30 s and at 60°C for 30 s (7). Primers flanking the int1 gene of the integron (21) , repA gene of the conjugative plasmid, and the yigB gene of the hemolysin expression-modulating protein (hha) gene family were used at thermal cycling conditions of 95°C for 15 min and for 40 cycles at 95°C for 30 s, specified annealing temperatures for the genes ( Table 2) , and at 72°C for 30 s.
Microbial Community Analysis
The structure of the microbial community of the samples was assessed using Illumina amplicon sequencing of the 16S rRNA gene. The 16S rRNA genes were amplified using PRK341F/PRK806R primers that target the V3-V4 hypervariable regions and were modified to contain Illumina-specific adapters. Each PCR reaction contained HOT FIREPol PCR mix, 200 nM Illumina-adapterattached forward and reverse primers, and 1 μl of sample DNA and water. The thermal cycling conditions were 95°C for 15 min and 30 cycles at 95°C for 30 s, at 50°C for 1 min, and at 72°C for 45 s. The PCR amplicons were pooled and concentration was measured using the PerfeCta NGS quantification kit (Quanta Biosciences, Beverly, MA) and purified using the Agencourt AMPure XP-PCR Purification kit (Beckman Coulter, Brea, CA). The purified products were sequenced with the Miseq platform (Illumina, San Diego, CA) using V3 chemistry with 300-bp paired-end reads.
Sequences from the 16S rRNA amplicon data were analyzed using the QIIME pipeline (22) . Sequences were quality-filtered (split_li-braries.py; sequence length 200-600 bp; minimum average quality score 25; and no more than six ambiguous bases, but with no primer mismatches) and then clustered at 97% homology level using Usearch version 8 against the Greengenes database (23).
Shot-gun Metagenome Sequencing and Analysis
The metagenome was fragmented, tagged, and quantified according to the Nextera XT sample preparation guide (Illumina). Concentration of the pooled library was normalized using the PerfeCta NGS quantification kit. Sequencing was done in-house on a MiSeq platform using V3 chemistry and 300-bp paired-end reads.
Metagenome data mapping and assembly was performed on Geneious (Geneious, Biomatters, New Zealand) (24) following the recommended criteria. De novo assembling of the reads was performed by Geneious Read Mapper (Geneious). MG-RAST metagenome analyzer (25) (Argonne National Laboratory, Lemont, IL) was used to analyze the functional classification in the samples using the SEED (subsystem) database that houses collections of functionally related protein families (26) . The ResFinder program (DTU, Copenhagen, Denmark), an online tool, was used to find antimicrobial resistance genes in the sequences based on the NCBI database (27) . The RAST (Rapid Annotation using Subsystem Technology) server using SEED-based annotation was used to identify genes within the contigs built by Geneious (28) . Reference genomes for assembly and annotation were downloaded from the NCBI database.
Validation and Statistical Analyses
Technical variation was detetermined by Pearson regression analyses between the technical duplicates. To account for the uneven sampling and the presence of duplicates across the individuals, we used the average microbiota and average quantification of genes across all sampling points for each individual in the comparative statistical analyses.
Fisher's Exact test, Pearson's correlation, and binomial testing were used for pairwise comparisons of relative abundances of repA, int1, and yigB genes within the 16S rRNA amplicon analyses and between the relative abundances of the individual genes across different hospitals. Correction for multiple testing was done using the Benjamini and Hochberg false discovery rate (BHFDR) test. Principal Component Analysis (PCA) plot was used to determine the microbiome structure of the adjusted gestational age in the preterm infants. The median from the adjusted gestational age was used to categorize the infants. Predictive models using operational taxanomic units (OTUs) in the study were made using Partial Least Squares (PLS) discriminant analysis (DA) (Eigenvector Research, Manson, WA). The models were calibrated using a subset of the data set and cross-validated using Venetian Blinds procedure, where the data were split into subsets and each subset was validated to fit the model. Cross-validated models with an accuracy of classification 40.5 indicate significance. Predictive models were made for predicting hospital location, for detection of NEC, and for determining the association of NEC with plasmid signature genes. Correlations with birth weight were identified using PLS regression.
Variables important in the models were identified by the Variable Importance in Projection score, with scores 41 indicating importance to the model. All data analyses was performed using MATLAB R2014a software (The MathWorks, Natick, MA).
RESULTS
Microbiota Composition
On average, 44,194 sequences per sample were generated by Illumina V3-V4 16S rRNA amplicon sequencing after quality filtering and chimera removal. To ensure even amounts of sequence information and to gather information on the most abundant OTUs from all samples, 6,000 sequences/sample were randomly picked from the whole data set. The final data set after quality filtering and integration of the sample information contained 192 samples, of which 58 were technical duplicates. The technical duplicates showed a mean squared regression coefficient of 0.75 and a standard deviation of 0.33 for pairwise OTU level comparisons, whereas comparison of different samples gave squared regression coefficients o0.3. In total, the sequences in the data set belonged to 299 OTUs of 13 bacterial classes. Overall, the gut microbiota composition was mainly composed of Proteobacteria with lower levels of Firmicutes.
Microbiota Associations with Metadata
There were no major differences in the microbiome structure taking into account the adjusted gestational age between all infants (including NEC-positive and NEC-negative infants) ( Figure 2 ). The median adjusted gestational age was 31.1 weeks, which was used to categorize the preterm groups. The microbiome structure between the NEC-positive and NEC-negative infants revealed differences in a group of Articles | Ravi et al.
NEC-negative infants. However, we found no major differences in the α-diversity between the NEC-positive and NECnegative infants (Supplementary Figure S1a) ; however, when calculated between the different hospitals, infants from Evanston displayed higher diversity than those from Boston and Chicago (P = 0.003, Boston and Evanston; P = 0.003, Chicago and Evanston, Kruskal-Wallis test) (Supplementary Figure S1b) . The β-diversity estimates from PC1, on the other hand, showed significant differences between NEC-positive (median = 0.16) and NEC-negative samples (median = − 0.01) (P = 0.00001, Kruskal-Wallis test), but no differences among hospitals (median = 0.12 (Chicago); median = 0.07 (Boston); median = 0.16 (Evanston)) (P = 0.35, Kruskal-Wallis test).
On average the proportion of Enterobacteriaceae was significantly more abundant in NEC-positive infants (59%) when compared with that in NEC-negative infants (44%, P = 0.001, Kruskal-Wallis test). An OTU classified as Enterobacteriaceae (referred to as OTU2) revealed the strongest association with NEC having a Variable Importance in Projection score of 40 in a PLS-DA predictive model (classification accuracy of 0.80 for the calibrated model and 0.65 for the cross-validated model). OTU2 also showed a direct significant correlation with NEC (P = 0.04, KruskalWallis test) (OTU2 abundance, median = 25 (NEC); median = 5 (No NEC)). There were, however, no OTUs that were significantly related to mode of delivery (BHFDR-corrected Kruskal-Wallis test).
With regard to the association between microbiota composition and hospital location, predictive models using PLS-DA showed an accuracy of classification of location based on the microbiota (calibrated/cross-validated) -for Boston, 0.78/0.63; for Chicago, 0.67/0.56; and for Evanston, 0.74/0.64 -indicating predictive information in the microbiota for all locations. Specifically, an OTU classified as Enterobacteriaceae (referred to as OTU9) showed pronounced association with hospital location, having a median of 5.0% for Boston, 0.7% for Chicago, and 0.3% for Evanston (Po0.0005, Kruskal-Wallis test). OTU2 also showed significant associations with Evanston (median = 11.4%) as opposed to 0.1% and 0.2% in Chicago and Boston, respectively (P = 0.05, Kruskal-Wallis test). A predictive model for the association between microbiota composition and birth weight by PLS-DA showed an accuracy of classification of 0.76/0.59 (calibrated and cross-validated) in the median binarized data set. When directly correlated, OTU2 and birth weight showed the strongest negative correlation (Spearman rho = 0.45; P = 0.005), whereas OTU9 showed the strongest positive correlation (Spearman rho = 0.45; P = 0.004).
Shot-gun Metagenome Analyses
Because OTU2 was positively associated with the detection of NEC and negatively associated with birth weight, we selected longitudinal samples from three patients having high Abundance of functional genes for conjugative plasmid, MGE, and virulence genes. Maximum E-value, 1e-5; minimum identity, 90%; and minimum alignment length, 50bp was regarded as hit. Black, hits to conjugative plasmid; dark gray, hits to mobile genetic elements; light gray, hits to virulence; and invasin genes; (1) extra sample with same sampling day. Articles | Ravi et al.
Chicago having low abundance of OTU2 and positive for NEC were also selected (Supplementary Table S1 ). On average, 691,759 sequences were generated per sample with a size range of 35-301 bp. The unassembled reads were uploaded into MG-RAST metagenome analyzer. The functional abundance of genes related to conjugative plasmids, MGE, and virulence were analyzed in the metagenomes using the SEED Subsystem Annotation database (mininum identity 90%; minimum alignment length 50 bp). However, there were no clear differences in gene distribution between NEC-positive and NEC-negative samples (Figure 3) .
Common antibiotics used in the NICU, such as gentamicin, vancomycin, and ampicillin, were received by all infants. The unassembled raw reads were uploaded onto ResFinder to locate AR genes in the samples. Genes associated with resistance to β-lactams, macrolides, and aminoglycosides were found in almost all samples (threshold pairwise identity 99%) ( Table 3) . Longitudinal carriage of particular resistance genes was observed in all infants; however, no clear association was identified for AR genes and NEC.
Metagenome Assembly
The reads were trimmed (error probability 0.05) and paired using Geneious. The paired reads were then built into contigs by Geneious Read Mapper. On average, 1,800 contigs greater than 1,000 bp in length with at least 96 contigs greater than the N50 length were assembled per sample by the assembler. The contigs from all samples were evaluated for the presence of an OTU2 representative sequence (Supplementary Table  S2 ). The contigs with OTU2 representative sequence of each sample showed highest identity to HG428755, an enteropathogenic E coli (EPEC) (E-value = 0; identity 496%; query coverage 480%) that was used as a model to study host-pathogen interactions. In order to understand the coverage of this genome by our metagenomic reads, the samples were mapped directly toward this genome and its corresponding plasmids (CBTO010000001 and CBTO01 0000002) (Supplementary Table S3 ).
To identify potential complete conjugative plasmids assembled from our data set, the de novo-assembled contigs from each sample having plasmid-related genes were annotated using the RAST annotation server. All the identified contigs were 97% identical with 98% pairwise identity with each other. A representative contig 61,058 bp in length annotated by RAST was found to belong to a conjugative plasmid homolog of the IncF group of plasmids (Figure 4 ). This annotated plasmid contained genes for transfer (traA-traX), replication (repA), and resistance for trimethoprim, streptomycin, and sulfonamides carried in an integron. In addition there were genes for the hemolysin expression-modulating (hha) family (yihA, yigB, and finO) that regulate the production of α-hemolysin toxin and several invasin genes (29) . NCBI-BLAST analysis of this contig revealed similar IncF conjugative plasmids in E. coli (E-value 0; identity 100%; average query coverage 58% range (35-78%)).
To determine the presence of other conjugative plasmids in our data set, the metagenomic reads from all samples were mapped toward the de novo-assembled conjugative plasmid. Seven of the fifteen samples covered 480% of the assembled conjugative plasmids with 98% pairwise identity (sampling day 4 (and Table S4 ).
Quantification of Signature Sequences of Conjugative Plasmids
Distinct regions of the de novo-assembled conjugative plasmid were selected as signature sequences. Replication machinery (replication regulatory gene repA), virulence (hha gene family yigB), and carrier of multidrug resistance genes (class I integron integrase gene int1) were targeted and screened in our data set using quantitative PCR. In total, 23% of the samples from the data set contained at least one of these genes. Interestingly, the relative gene abundance of repA strongly correlated with yigB (Po0.0001, Pearson correlation; r 2 = 0.8), indicating that the replication genes and virulence genes are likely in the same genetic element ( Figure 5 ). No significant correlations were found between int1 and repA or between int1 and yigB (r samples and 0.0006% for repA-negative samples (Po0.0005, Kruskal-Wallist test). However, there was no significant association between OTU2 and yigB (P = 0.13, KruskalWallis test). Samples from Evanston showed a higher prevalence of the signature genes compared with the other hospitals ( Figure 6 ). There were no direct significant correlations between the signature genes and NEC, nor with the mode of delivery.
Longitudinal Associations of OTU2 and Signature Sequences
Samples were plotted on a longitudinal time scale from time of birth to end of sampling in order to detect temporal acquisition of plasmid-related signature genes and co-occurence of OTU2 ( Table 4 ). The diagnosis of NEC was significantly associated with high levels of OTU2 (425%) (P = 0.01, Fisher's Exact test) PLS-DA revealed that NEC is associated with signature sequences with an accuracy of classification of 0.79/0.56 (calibrated/validated). repA and int1 showed the highest Variable Importance in Projection score (41) associated with NEC. All NEC-positive infants showed an increase in the levels of repA and yigB at the time of NEC diagnosis.
DISCUSSION
Although many studies have attempted to characterize the microbiome of preterm infants, this work to our knowledge is the first to investigate the mobilome. We found clear differences in the distribution of the plasmids and OTUs among the three hospitals investigated. Even the hospitals in Evanston and Chicago, which are in the same metropolitan area, had significant differences in microbial populations and plasmid content of the preterm infants. The hospital environment has been identified as an important reservoir for both the bacteria and the plasmids (30) . The NICUs in different hospitals also house their own unique microbial flora consisting of a suite of genes possibly encoded in plasmid genomes (31) . Thus, a likely explanation for the observed differences between hospitals in the preterm infant gut microbiota could be environmental exposure.
We also found potential association of the prevalence of conjugative plasmids and integrons with NEC. However, to Figure 6 . Geographical distribution of plasmid signature genes. Relative proportion of samples positive to repA, yigB, and int1 genes in Boston, Chicago, and Evanston. Black, samples from Evanston; dark gray, samples from Chicago; light gray, samples from Boston. *P value40.0001(binomial testing). Table 4 . Abundance levels of OTU2 and signature genes in longitudinal data sets of NEC-positive and -negative infants demonstrate the connection of the mobilome to NEC, a larger study cohort with case controls, defined longitudinal time periods, and extensive enrollment data would be needed. The de novo-assembled conjugative plasmids that were identified contained the genes necessary for conjugal transfer, as well as virulence genes and AR genes. Potential virulence factors were also found within the conjugative plasmid, as the repA gene, the replication regulatory gene of the conjugative plasmid, and yigB, the gene from the hha family, showed a significant correlation. The hha gene family plays a role in regulating the expression of virulence genes such as the α-hemolysin gene family, in response to virulence factor expression (29, 32) . The α-hemolysin toxin has been previously shown to play a role in the development of enterocolitis in humans and animals (33) . In addition, a correlation between the hha gene family and other conjugative plasmids has been previously reported (34) .
In addition to this, an integron that contained trimethoprim and streptomycin resistance gene cassettes was also assembled within the conjugative plasmid. The integron is a genetic element most commonly found within transposons and plasmids. They can carry multiple resistance genes as gene cassettes (17) . The use of antibiotics can drive the selection pressure to antibiotic-resistant bacteria in the gut. Unfortunately, the lack of control groups with no antibiotic usage limits our study to link the effect of antibiotics to the mobilome.
Differences in the microbiome structure due to adjusted gestational age has been previously reported (35, 36) . However, in our data set we did not find any differences in the microbiome structure due to adjusted gestational age. This lack of association, however, could be due to the size and structure of the data set.
In summary, even though this data set has limitations of small size and irregular sampling times, the study data suggest that the preterm infant gut microbiota indeed harbors a mobilome with accessory genes relating to antibiotic resistance and virulence. However, regarding the prevalence of MGEs, as preterm infants spend many months in the hospital environment, understanding the NICU microbial flora and transmission of MGEs will be critical for optimizing the health of these vulnerable infants.
SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at http://www.nature.com/pr
STATEMENT OF FINANCIAL SUPPORT
The work was supported by Quota scholarship and funded by Norwegian University of Life Sciences, Ås campus, Norway.
Disclosure: The authors declare no conflict of interest.
